Smith Hall, Orono, ME 04469). Stressors and threats to the flora of Acadia National Park, Maine: Current knowledge, information gaps, and future directions. J. Torrey Bot. Soc. 139: 323-344. 2012.-Acadia National Park is a center of plant diversity in northeastern North America. The Park's varied habitats and flora are sensitive to a number of natural and anthropogenic perturbations. Stressors such as invasive plants, pest and pathogens, ozone, acidic fog and sulfur deposition, nitrogen deposition, heavy metals, fire and fire suppression, over-browsing, visitor use, hurricanes, and climate change have all had effects on the Park's habitats and plant species at some point and it is unclear how many of these stressors are currently affecting the flora of Acadia National Park. We discuss the botanical diversity of Acadia, assess the natural and anthropogenic stressors and threats affecting the Park's flora, and summarize critical information gaps to better assess the known stressors and threats to the flora. Understanding these stressors and threats is critical to making informed management decisions to preserve the botanical diversity of Acadia and other regional parks.
Acadia National Park (ANP) preserves 19,178 hectares in Hancock and Knox counties along the coast of Maine in the northeastern United States (Fig. 1) . It consists of land on Mount Desert Island (MDI) and portions of or entire nearby smaller islands, a portion of larger Isle au Haut (IAH) to the southwest of MDI, and the tip of the Schoodic Peninsula (SCH). The Park is located in a broad transition zone between southern deciduous and northern coniferous forests (Vaux et al. 2008) . Sharp environmental gradients have produced diverse habitats harboring a wide range of species (Mittlehauser et al. 2010 ) and vegetation types (Gawler and Cutko 2010) . Over a distance of only a few kilometers, elevations on MDI range from sea level to 466 m at the summit of Cadillac Mountain, with habitats rapidly transitioning from maritime to mountain summit. Similarly, rocky coastal bluffs with minimal soils occur within a few kilometers of inland bogs where peat is several meters thick. The Park's varied habitats and flora are sensitive to a number of natural and anthropogenic perturbations , Vaux et al. 2008 ). Stressors such as invasive plants, pest and pathogens, ozone, acidic fog, sulfur deposition, nitrogen deposition, heavy metals, fire and fire suppression, over-browsing, visitor use, hurricanes, and climate change have all had effects on ANP's habitats and flora and are likely to influence the flora into the future. In this paper we discuss the major stressors and threats facing the flora of ANP from both natural and anthropogenic sources. We first discuss our current knowledge of the flora of ANP and identify areas in which more information is needed. We then discuss our knowledge of the major stressors and threats impacting the flora of ANP and identify critical gaps in research. Finally, we provide directions for future research. Our discussion is limited to the major known stressors and threats to the flora and to the direct and closely coupled indirect effects those stressors and threats pose to the flora. Loosely coupled indirect effects of stressors and threats are beyond the scope of this paper. Unless noted otherwise, plant nomenclature follows Haines (2011) .
Current Knowledge of the Flora of Acadia National Park. The flora of ANP has been studied extensively for over a century (Rand and Redfield 1894 , Wherry 1928 , Stebbins 1929 , Greene et al. 2005 , Mittlehauser et al. 2010 . Despite the extensive body of work aimed at cataloging the flora of ANP, a number of significant information gaps exist. Here we summarize our knowledge of the flora and identify areas in which additional research is needed. VASCULAR PLANTS. Although ANP represents less than one percent of the Maine's land area, the Park harbors 1135 of the 2103 vascular plant taxa (54%) listed for Maine (Campbell et al. 1995 , Greene et al. 2005 , Mittelhauser et al. 2010 . Mount Desert Island is the most floristically diverse unit of ANP, supporting more than half of Maine's known vascular plant species (Campbell et al. 1995) . Isle au Haut supports one-third of the vascular plant taxa listed for Maine. Existing knowledge of the SCH flora is limited; field surveys have been restricted to the southern third of the peninsula (Mittelhauser et al. 1996) . Greene et al. (2005) concluded that the current vascular flora for the MDI unit of ANP is largely complete but that additional vegetation surveys are needed for the IAH and SCH units.
For virtually all plant groups, there is little information on trends in species composition or relative abundance. For example, over 20% of the vascular plants recorded for ANP are based on historic records and have not been documented in the area since 1980 (Greene et al. 2005) . Understanding patterns of variation in the composition and relative abundance of species assemblages is critical to evaluating the status and trends of ANP's flora.
Species inventories of wetland and estuarine areas are relatively complete for ANP (Vaux et al. 2008) although there is limited knowledge of plants in Bass Harbor Marsh and Northeast Creek on MDI. Until recently, quantitative data on community composition and relative abundance at individual wetlands or for wetland classes have been limited. As part of the National Park Service's (NPS) Vital Signs Monitoring Program, the Northeast Temperate Network (NETN) has developed detailed freshwater wetland monitoring protocols (National Park Service 2006) that will produce reliable information on status and trends of wetland vegetation and water chemistry (Neckles et al. 2007 ). Acadia National Park also includes a large number of vernal pools, the floristic diversity of which has been largely unexamined (Ciccotelli et al. 2011) . Improved documentation of vernal pool plants is needed to determine whether vernal pools harbor distinct species assemblages relative to the flora of permanent wetlands in ANP. Aquatic vascular plants were surveyed over a decade ago (Greene et al. 1999 ) and contemporary information is sparse, especially at IAH (Vaux et al. 2008 ).
ALGAE. Little is known about the marine algae at ANP, especially at IAH and other islands (Vaux et al. 2008) . Ongoing surveys are developing information on marine algae at SCH. Additional studies are required to document the diversity of freshwater algae throughout ANP.
BRYOPHYTES AND LICHENS. Although the mosses of Maine have been intensely studied (Crum and Anderson 1981 , Allen 2005 , Allen and Pursell 2005 , Miller 2006 , the literature for bryophytes of ANP is restricted mostly to early studies consisting of partial species lists for MDI (Greenwood 1927a , b, Patterson 1930 , Schnooberger and Wynne 1941 , Davis 1964a , b, Senter 1985 or more recent studies focusing on bryophytes of specific habitats or substrates on MDI (Cleavitt et al. 2009a, b) . The lichen flora of ANP has received somewhat more attention (Wetmore 1984 , Sullivan 1996 , Bennett and Wetmore 2005 , Cleavitt et al. 2009a ). Bennett and Wetmore (2005) list 429 taxa of lichens for ANP, the fifth highest number of lichen species listed among 144 U.S. National Parks included in their study. The high diversity of lichens at ANP may result from the Park's proximity to the coast, its topographic heterogeneity, and management practices minimizing tree harvest (Cleavitt et al. 2009a ). The macrolichen flora of ANP includes 63% of the species listed by Selva (1994) as indicators of old-growth, seven species listed as declining in New England, seven species listed as the rarest in New England (R1), and an additional 22 species listed as ''rare and declining in New England'' (Hinds and Hinds 2007) . Additional surveys at the IAH and SCH units of ANP are needed to provide more comprehensive species lists for both bryophytes and lichens of ANP.
RARE AND ENDANGERED PLANTS. Rare and endangered plant species are well-documented in New England (Crow et al. 1981 , Brumback et al. 1996 , New England Wildflower Society 2010 . Nearly 20% (183 taxa) of vascular plants at ANP have been designated locally rare or state-listed; six species are globally rare (Brumback et al. 1996 , Maine Natural Areas Program 2005a , Vaux et al. 2008 . Greene et al. (2002) recommended developing a longterm plan for the conservation of all rare species at ANP. Although their effort helped to prioritize species and develop appropriate protocols for monitoring, little information is available on the status of rare plant populations in ANP. Table 1 identifies potential stressors and threats for rare plants at ANP for which such information is known (Greene et al. 2002 , Vaux et al. 2008 ; however, such data are lacking for many rare plants in ANP. Further, there is little information on temporal trends in the status of individual populations of rare species. Potential stressors are often species-specific and include factors such as habitat loss, changes in hydrology, invasive and exotic species, visitor impacts, fire (or lack thereof), and erosion. Careful study of these rare plants will no doubt reveal additional stressors as well as better approaches for their conservation. Given our limited understanding of the flora of IAH and SCH, it is important that these areas be rigorously surveyed to document additional populations of rare or presumed extinct taxa as well as to document new taxa which may have gone unnoticed in previous surveys. NATURAL COMMUNITIES. In addition to containing more than 50% of Maine's vascular plant species, ANP also supports more than 50% of Maine's natural plant communities. Lubinski et al. (2003) recognized 53 floristic associations for ANP out of a total 104 such natural plant communities described for Maine (Gawler 2000, Gawler and Cutko 2010) . These include 23 upland forest and woodland types, five wetland forest and woodland types, six non-forested upland types, six shrub or dwarf shrub wetland types, and 13 herbaceous wetland types. Spruce-Fir Forest is the most extensive vegetation type at ANP whereas the rarest are Dune Grassland, Pitch Pine-Corema Woodland, and Crowberry-Bayberry Headlands. Natural plant communities with high conservation value at ANP are listed in Table 2 . Plant communities at IAH are not well documented.
Several species and communities in ANP are at the edge of their geographic range, making the study and preservation of those edge populations critical in terms of genetic diversity and species conservation (Greene et al. 2005 . Notable in this regard are extant or historically documented taxa at or near either their southern range limit or their northern or eastern range limit (Table 3 ; Greene et al. 2002 Greene et al. , 2005 .
Stressors and Threats Affecting the Flora of Acadia National Park. Despite a large number of studies examining the effects of stressors on individual plants and natural communities in ANP, there are a number of significant information gaps. Here we discuss the anthropogenic and natural stressors and threats affecting the flora of ANP. We include in our discussion stressors and threats from invasive plants, pests and pathogens, ozone, acidic fog, nitrogen deposition, the deposition of mercury and other metals, fire (or lack thereof), browsing, visitor use, hurricanes, climate change, and the synergistic effects of multiple stressors. (Maine Natural Areas Program 2005a) , number of populations in ANP, and potential stressors (Greene et al. 2002; Jill Weber, pers. comm.) . Other ANP plant taxa listed by Maine Natural Areas Program (2005a) but not included by Greene et al. 2002 INVASIVE PLANTS. Invasive species are often considered a direct cause of the loss of biodiversity worldwide (Didham et al. 2005) . Twenty five percent of ANP's plant taxa are considered exotic in Maine (Greene et al. 2005) compared to 30% statewide (Campbell et al. 1995) . Invasive or potentially invasive plant species in ANP along with their extent of distribution within the Park, level of potential ecological impact, and ease of control are listed in Table 4 . Most of these taxa occur on MDI and were likely intentionally introduced (Greene et al. 2005) . Alliaria petiolata (M.Bieb) Cavara & Grande is a more recently-introduced aggressive invasive and was likely unintentionally introduced (Greene et al. 2005) . Invasive species are more abundant on the eastern side of MDI ( Fig. 2 ; Greene et al. 2005 , Vaux et al. 2008 , Weber and Rooney 2007 .
Potentially invasive species such as Hypericum prolificum L. and Physocarpus opulifolius (L.) Maxim, although native to central and eastern North America, are in Maine only as garden escapees (Haines and Vining 1998, Greene et al. 2005) . These species as well as Luzula luzuloides(Lam.) Dandy & Wilmot., another potentially invasive species (Greene et al. 2005) , are all found in small numbers adjacent to basin wetlands on the MDI unit of ANP, mostly within the areas burned during the 1947 fire (Greene et al. 2005) . Lythrum salicaria L. has, to date, only been recorded from the MDI unit of ANP. Its spread has been controlled through a Park management program since 1988 . Exotic, invasive species are considered a potentially significant stressor for a number of rare plant species in ANP (Table 1 ; Greene et al. 2004 ).
Reiner and McLendon (2002) evaluated exotic species that threaten ANP and described management protocols for each species. They estimated potential effects of exotic species on native plant communities within ANP, ranked exotic species based on their potential impacts on native plant species and their communities, and developed management protocols to maintain exotic species at levels that protect native plant communities. Their final assessment identified 16 species of concern in ANP and recommended eight species for highest management priorities. Greene et al. (2004) documented the distribution and abundance of 24 invasive species in ANP, including 11 exotic species from the previous study by Reiner and McLendon (2002) and 13 new species. Berberis thunbergii DC., non-native Lonicera taxa, and Frangula alnus Mill. occurred at more sites than all other invasive species at ANP and were concentrated around Great Meadow and Sieur de Monts Spring on the eastern side of MDI. Greene et al. (2004) suggested that the best strategy for management of invasive species at ANP is by site rather than by species because many of the species are limited to only a few localities where they co-occur with a number of other invasive species. There are currently no known invasive exotic freshwater plants in the ANP region (Greene et al. 2005 , Vaux et al. 2008 ); Greene et al. (1999) recorded only one non-native aquatic species for MDI, Nymphaea tuberosa as Nymphaea odorata subsp. tuberosa. It had been found at MDI's Little Long Pond in Seal Harbor and there was no evidence of spread to other water bodies on MDI.
There is a need to better evaluate which exotic species represent threats to ANP's native flora and habitats and what the competitive mechanisms are for each aggressively invasive species. Rapid assessments for invasive species, such as those conducted by Weber and Rooney (2007) , may provide a potentially valuable tool for detecting exotic species-related problems at ANP; however, detailed species-level studies are needed to develop effective management practices. Attention should also be given to aquatic invasive species to determine whether those present elsewhere in Maine are appearing in the freshwater ponds and lakes at ANP (Maine Department of Environmental Protection 2005) and to develop effective strategies to prevent their spread. PESTS AND PATHOGENS. Pests and pathogens are a serious threat to native plants and their ecosystems (Torchin and Mitchell 2004) and Table 4 . Plant species considered invasive or potentially invasive in ANP including the Park unit in which the species is found, extent of distribution within ANP, level of potential ecological impact, and ease of control (Reiner and McLendon 2002 , Greene et al. 2004 , Weber and Rooney 2007 . For some species, such information is not available. Species also considered to be invasive elsewhere in Maine (Maine Natural Areas Program 2005b) (Bailo et al. 2004 , Small et al. 2005 ), a problem expected to be exacerbated by global climate change (Dukes et al. 2009 ). Pests and pathogens posing current or immediate threats to ANP's plants are listed in Table 5 . Regular monitoring of these taxa is needed as their host plants are abundant at ANP. Pests and pathogens that pose a particular threat to the flora of ANP include the insects Hemlock Wooly Adelgid, Elongate Hemlock Scale, Asian Longhorned Beetle, Emerald Ash-borer, and the pathogen Phytophthora ramorum. Although these species have not Orwig et al. 2002 , 2008 , Small et al. 2005 . Potentially affected species widespread at ANP include Tsuga Canadensis L. Carriere, Acer rubrum L., A. saccharum Marshall, Fraxinus americana L., and Quercus rubra L. The unpredictability of new introductions of pests and pathogens combined with a lack of adequate knowledge of pests and pathogens currently threatening the flora of ANP limit our ability to forecast the nature and scope of change that could occur in ANP with the presence of one or more of these pests and pathogens. Data for these pests and pathogens are lacking or minimal for the three units of ANP. We were unable to find reports or publications for ANP dealing with the extent of distribution and damage for any of the pests or pathogens listed in Table 5 , except for an unpublished draft report on common pests (Roberts and Dearborn 1999) and one outdated report on Beech Scale and Beech Bark Disease (Brower 1949 ).
OZONE. Ambient, ground-level ozone is a critical air pollutant influencing the health and productivity of eastern North American forests (Orendovici et al. 2003 , Kohut 2007a , b, Kline et al. 2008 . Acadia National Park experiences some of the highest concentrations of ozone in eastern North America (Davis 2007 , Vaux et al. 2008 ). Due to the high ozone levels occurring there, ANP has been a center for ozone-related research (Bartholomay et al. 1997 , Kohut et al. 2000 , Maniero and Breen 2004 , Kohut 2007a . A study by Davis (2007) at Moosehorn National Wildlife Refuge in Maine (196 km northeast of ANP) documented a number of species exhibiting ozone-induced symptoms at atmospheric concentrations much lower than levels currently experienced in ANP (National Park Service 2010) . This study suggests that plants at ANP are likely already affected by current ozone levels. At least twenty species in ANP have been identified as ozonesensitive (Table 6 ; Kohut et al. 2000 , National Park Service 2003 , 2004a .
Data on the impacts of ozone on terrestrial vegetation at ANP are primarily from sites on the eastern-facing side of MDI. Additional studies are needed from sites with other slopes, aspects, and elevations to determine whether they represent greater exposure to ozone (Haines and Webber 1999) . More importantly, levels of ozone tolerance should be determined for a wider range of species at ANP, as ozoneinduced reductions in plant growth are likely to have lasting consequences on species composition and interactions in ANP.
ACIDIC FOG AND SULFUR DEPOSITION. Fog and cloud water contributes significant amounts of pollutants and nutrients to many ecosystems in eastern North America (Weathers et al. 1986 , Schwartz 1989 . Much of the vegetation in ANP is frequently exposed to acidic fog (Weathers et al. 1986 ). However, fog chemistry data for ANP have not been published since the 1980s (Andersen 1984 , Weathers et al. 1986 ). Currently only a handful of studies have examined the influence of acidic fog on ANP's vegetation. Jagels et al. (2002) demonstrated differential sensitivity to acidic fog in Picea rubens Sarg. and Pinus strobus L., two common species at ANP. Pinus strobus shows sensitivity to ozone but not to acid fog (Kohut et al. 1990 ) whereas P. rubens is especially sensitive to acidic fog (Percy et al. (National Park Service 2003 , 2004a . Taxa with * are species recommended by Kohut et al. (2000) as those most suited as bioindicators of elevated ozone in ANP. Nomenclature follows Haines (2011 1992 ). Differential sensitivity to pollutants among co-occurring taxa may influence stand level dynamics as well as regional plant community structure. Picea rubens, a regionally dominant species, is showing population declines in Maine, particularly at sites which receive both acidic fog and rain (Jiang and Jagels 1999) . The greatest symptom development is in mid-coast Maine where ANP is located (Jagels et al. 1989) .
Previous studies indicate that sulfate, nitrate, and ammonium are the dominant components of acidic fog in ANP (Weathers et al. 1986) . A recent study on the air quality of National Parks in the U.S. reports higher than normal sulfur (S) levels for ANP with wet deposition rates of sulfate . 3 kg ha 21 yr 21 (National Park Service 2010). Weathers et al. (2006) reported modeled S deposition hotspots of up to 25 kg ha 21 yr
21
, whereas at a reduced spatial scale, Nelson et al. (2007) found maxima of up to 13 kg ha 21 yr
. Both datasets suggest relative hotspots of S deposition in conifer forests located in highelevation areas. Both studies demonstrate that S deposition and resulting acidity is a problem at ANP. Although S deposition has declined at ANP and across the northeast in response to decreased emissions due to the Clean Air Act ), current deposition rates are high enough to stress vegetation in ANP (National Park Service 2010) .
More contemporary data are needed regarding the chemistry of acid fog and exposure levels throughout ANP. Additionally, data are needed on the sensitivity of individual species and sensitive communities to acidic fog (Hutchinson and Meema 1987, Turco 2002) and the effects of acid fog and sulfur deposition on Al 3+ mobilization in water and soils (Munson and Gherini 1991, 1993 ) and on leaching of base cations from soils at ANP. The acidity of other forms of precipitation such as rain and snow needs further investigation. Studies should also focus on combined effects of acid fog and ozone (Jagels et al. 2002 , Lovett et al. 2009 ).
NITROGEN DEPOSITION. In addition to its contribution to acidic fog, nitrogen (N) also contributes to nutrient enrichment in eastern North America and elsewhere (Lovett et al. 2009 ), leading to shifts in species composition (Gough et al. 2000) and N saturation which can result in a series of impacts on microbial and plant production and N cycling (Aber et al. 1998) . A recent study on the air quality of National Parks in the U.S. reports higher than normal N deposition levels for ANP with wet deposition rates of 1-3 kg ha 21 yr 21 (National Park Service 2010). The report concludes that N deposition is of moderate concern with deposition via nitrate (NO 3 2 ) and ammonium (NH 4 + ) being fairly stable in ANP and across the region , Vaux et al. 2008 .
Species adapted to low N may be sensitive to increased inputs of N; bogs and fens are among the ecosystems at highest risk of shifts in species composition due to N deposition (Bobbink et al. 1998 , Ellison and Gotelli 2002 , Gotelli and Ellison 2006 . Approximately six percent of ANP is covered by bog and boglike habitats (Karen Anderson, ANP, pers. comm.) and nitrogen deposition is likely already having a significant impact on bogassociated biota at ANP.
Impacts of nitrogen enrichment on ANP forests and aquatic plants need to be better documented and evaluated as increases in N are likely to cause significant species-and community-level changes throughout ANP (Vaux et al. 2008) . There is also a need to examine the nature and effect of enrichment of other nutrients such as phosphorous (P), potassium (K), and S.
MERCURY AND OTHER METALS. Mid-coast Maine, where ANP is located, has been recognized as a hotspot for atmospheric mercury (Hg) deposition and accumulation. The Park's location downwind of many Hg sources and its landscape characteristics enhance Hg deposition and retention as well as its transformation to methylmercury (Evers 2005 , Sheehan et al. 2006 .
Studies examining effects of Hg on ecosystem processes in ANP have been conducted at long-term paired-watershed study sites ). Studies on the paired watersheds determined that vegetation type is a major influence of Hg levels in throughfall , litterfall (Sheehan et al. 2006) , and soils (Amirbahman et al. 2004 ). Throughfall Hg flux from both rain and snow was greatest at conifer-dominated and mixed conifer-deciduous sites than at deciduous, shrub, or open sites . In soils, greater inorganic Hg was also found at conifer-dominated sites, but there was greater methylmercury in soils at hardwooddominated sites, which may reflect faster rates of microbial metabolism due to more rapid nutrient cycling and higher soil pH in the deciduous forest (Amirbahman et al. 2004) .
Although the watersheds at ANP are among the most intensively studied for Hg in the world, the research has largely focused on how vegetation types influence Hg loads to the ecosystem. No studies have been conducted that characterize responses of plants to elevated levels of Hg. Fog at ANP has never been studied for Hg. Evidence from Nova Scotia indicates very high concentrations of Hg in fog on islands and along the coast relative to inland sites (Boudala et al. 2000 , Vaux et al. 2008 . The extent of fog-related Hg deposition to ANP's ecosystems is unknown.
Studies on other metals are less abundant. A study examining both Hg and Pb accumulation rates based on peat and sediment cores in a bog (Big Heath) and a pond (Sargent Mountain Pond), respectively, at ANP found that maximum accumulation rates for both Hg and Pb occurred in the 1970s and have decreased since then (Norton et al. 1997) . Additional studies are needed with respect to Al (Decker and Boerner 1997, Lovett and Tear 2007) and other regionally abundant metals such as Copper (Cu), Lead (Pb), and Zinc (Zn) .
FIRE. The importance of natural disturbances such as fire in shaping landscapes and influencing ecosystems is now well recognized in ecology (Abrams 1992 , Turner et al. 1997 , Foster et al. 1998 , Bond et al. 2005 . Stand-replacing, catastrophic fires have been rare at ANP. Patterson et al. (1983) list 10 major fires in the ANP region since the mid 1800s. The largest of these, the Fire of 1947, burned 6,875 ha and destroyed extensive stands of conifer forests on the eastern side of MDI and resulted in replacement with stands of Betula spp. and Populus spp. (Patterson et al. 1983 ). In addition to changes in vegetation and animal populations, the Fire of 1947 influenced soil structure and mercury dynamics ). Based on their examination of current stand age structure, standing and downed fuels, and charcoal in soils and fire scars on trees, Patterson et al. (1983) suggest that a 100-150 year fire rotation could be reasonable for ANP.
Prior to European settlement, fires lit by Native Americans were frequent (Patterson et al. 1983 ). In the post-settlement era, smoking, arson (in protest to federal policies), debris burning, and logging operations were common sources of fire; fires from lightning strikes were not common. Most recorded fires were human-caused and occurred during periods of peak visitor use (Sundays, particularly in July and August). The NPS has participated in some fire management at ANP; prescribed fire has been occasionally used to provide conditions necessary for fire-maintained communities (e.g., communities dominated by Pinus rigida Mill., Pinus banksiana Lamb, or Vaccinium species). Patterson et al. (1983) recommend fuel management in portions of the Park where accumulations are heavy due to blowdowns, increasing the risk of intense fires that could severely damage existing vegetation. Patterson et al. (1983) classified forest stands at ANP into five fire-response groups (Patterson et al. 1983 ): Picea and Thuja stands in which the natural fire cycle is tied to the maturation cycle of the dominant trees; Pinus stands composed of fire-adapted species for which fire enhances the establishment of seedlings; Betula-Populus stands which often appear following fires that expose mineral soils; Quercus rubra stands which may benefit from moderate fires but are significantly affected by more intense fires; and Northern hardwood stands which are less likely to burn than other forest types but, when ignited, are also more susceptible to damage. They also classified the soils of ANP into four groups according to their susceptibility to fire damage (Patterson et al. 1983 ). More recently Devine et al. (2006) developed fire fuel load maps of ANP using data from the Acadia Vegetation Mapping Project (Lubinski et al. 2003 ) and field-collected fuel load data. Used with data on stand height, canopy cover, canopy bulk density, slope, aspect, and elevation, these fire fuel load data will enable future simulations of fire growth behavior. This is particularly important considering the accumulation of fuel in ANP due to the Park's policy regarding restricting the removal of dead wood.
The study by Patterson et al. (1983) serves as the only extensive treatment of the effects of fire on ANP's plants and ecosystems. Additional studies are needed to examine speciesand stand-level responses of vegetation in all plant community types at ANP and the potential for the use of prescribed burns to maintain fire-dependent communities and reduce fuel loads in the Park. The potential effects of climate change on fire frequency and intensity should also be assessed (Flannigan et al. 2000) .
BROWSING. Damage caused to vegetation by browsing deer, hare, and other small mammals has not been well-documented in ANP. Historical, unpublished documents suggest that browsing pressure by deer was fairly high starting as early as the 1930s and continuing until the mid-1960s (Bruce Connery, ANP, pers. comm.). McLaughlin (1968) identified local areas of over-browsing, yet concluded that, overall, the flora of ANP was not over-browsed and that much of the browsing was limited to shrubs and trees. Gilbert and Harrison (1982a, b) examined the influence of white-tailed deer (Odocoileus virginianus Zimmermann), on vegetation of the MDI and IAH units of ANP and documented Acer rubrum and A. pensylvanicum, Betula spp., Ilex verticillata, Prunus spp., Quercus rubra, Rhus hirta, and Viburnum nudum var. cassinoides as the most heavilybrowsed species. They concluded that, with the exception of R. hirta, none of the species were browsed to a level which might restrict regeneration or cause deformation, defoliation, or mortality. Further, they suggested that no management efforts were needed and that monitoring should occur again in 10 years. Saeki (1991) concluded that browsing at MDI and IAH units of ANP has decreased since the surveys by Gilbert and Harrison (1982a, b) . Although browsing appears not to pose a threat to ANP's flora, periodic monitoring should take place as recommended by Gilbert and Harrison (1982a, b) . VISITOR USE. Acadia National Park is one of the most visited National Parks in the country (Manning et al. 2006) . The summit loop trail at Cadillac Mountain, for example, is a major destination for visitors and receives an estimated 0.5-0.8 million visitors during the summer (June-August) each year (Jacobi 2003) . Hiking and trampling on trails and campsites results in loss of ground vegetation; altered vegetation composition, including introduction of non-native species; altered microclimate; soil compaction and erosion; loss of organic litter; and increased water runoff (Vaux et al. 2008) . Greene et al. (2002) suggested that trampling by hikers is one of the primary stressors likely affecting rare plant species in ANP, and preventative measures should be developed and implemented for all trails with extensive visitor use. Kim and Daigle (2011) examined the efficacy of management strategies implemented in 2000 to reduce visitor-induced vegetation impact and enhance vegetation recovery at the summit loop trail on Cadillac Mountain. They concluded that, while management protocols have been effective in enhancing vegetation regeneration and reducing vegetation reduction, recovery has been rather minimal.
More data are needed to assess the direct (e.g., trampling) and indirect (e.g., increased vehicular exhaust) impacts of visitor use on rare species and sensitive communities at ANP, as well as on the Park's vegetation in general.
HURRICANES. Periodic natural events such as hurricanes represent an important natural disturbance in temperate forests in many coastal areas of the world, including on the north Atlantic coast where ANP is located (Neumann et al. 1987 ). There has been no research examining the effects of hurricane or hurricanelike disturbances at ANP. Although regional studies provide useful insight on hurricane induced changes in forest ecosystems (Carlton and Bazzaz 1998 , Cooper-Ellis et al. 1999 , Foster and Aber 2004 , it will be critical to direct research in this area at ANP considering possible increases in hurricanes and other natural disturbances due to global climate change.
SYNERGISTIC EFFECTS FROM MULTIPLE STRESS-ORS. The synergistic effects of multiple stressors are a significant area of research that has been scarcely investigated at ANP. While individual stressors such as those we have described can cause significant threats to vegetation and ecosystems, it is the interaction among stressors that poses the most severe threats to biotic systems (Vinebrooke et al. 2004 , Didham et al. 2005 , Mothersill et al. 2007 ). The combined effects of ozone and acidic fog, for example, are of considerable concern in ANP (Lovett et al. 2009 ). The paired watershed system and longterm forest monitoring plots at ANP offer ideal conditions for monitoring the synergistic effects of these and other stressors in order to better manage ANP's flora.
EFFECTS OF CLIMATE CHANGE. Recent research in Maine has suggested a warming trend and a decline in snowfall based on 50 years of climate and hydrologic data (Hodgkins et al. 2003 , Huntington 2003 , Huntington et al. 2004 . There are no studies examining what effects climate change may have on ANP's flora. Because ANP is located in an ecotone between southern deciduous and northern coniferous forests, with many species occurring either at their most southern or most northern or eastern boundaries (Greene et al. 2005) , species shifts as well as changes in phenology are likely to occur (Bertin 2008 , Pompe et al. 2008 . It is important to identify species and habitats in and around ANP which are likely to be most vulnerable to climate change. Species-level studies of ecological and evolutionary implications of climate change (Parmesan 2006) should be conducted to better inform management of range-restricted species found in aquatic and terrestrial habitats in and around ANP. In addition, more data is need on the synergistic effects of climate change and individual and multiple stressors as outlined in the preceding sections. We were also unable to find any research discussing the effects of current or potential sea level rise as a result of climate change; the impacts of sea level rise on the flora of ANP should be investigated, particularly given the Park's proximity to the ocean.
Recommendations for Future Research and
Management. The flora of ANP has been well characterized (Greene et al. 2005 , Mittlehauser et al. 2010 ) and the current stressors and imminent threats to the flora have largely been identified (Vaux et al. 2008) . However, there is still much to be done to effectively address the stressors and threats impacting ANP's flora, especially with respect to the long-term effects of those stressors and their synergistic effects. Table 7 summarizes our knowledge of the current threats and stressors to ANP's flora and prioritizes the need for additional study and management.
Long-term forest plots are effective means to assess under-studied stressors and threats to ANP's flora, providing useful means to better understand forest processes and to develop sound management protocols at both the species and community levels ). Acadia National Park has several such long-term forest plots (National Park Service 2007b , Vaux et al. 2008 , and these plots could be effectively utilized to generate stressor information that is currently minimal or lacking and to monitor how plant species respond to multiple stressors and threats over time. Without such long-term data, it is impossible to generate sound management plans for the conservation of species or the preservation of their habitats. Tierney et al. 2009 , Wang et al. 2009 ), including in ANP. The protocols include methods for assessing and reporting the ecological integrity of forested ecosystems throughout the northeast. The goal of such protocols is to effectively monitor the status and trends in the structure, function, and condition of NETN's forested ecosystems in order to inform management decisions affecting those ecosystems (National Park Service 2006 , 2007b . Such a program, extended across multiple habitats and species assemblages across all three units of ANP could provide valuable information for understanding long-term forest dynamics in response to anthropogenic and naturally occurring stressors. Such information is critical in light of current predictions of the response of plants and ecosystems in northeastern North America to climate change (Bertin 2008 , Campbell et al. 2009 , Dukes et al. 2009 , Huntington et al. 2009 . Given the high level of uncertainty associated with forecasting future climatic conditions and the ability to manage for region-specific goals, National Parks like ANP, should promote park-specific research and embrace adaptive resource management and scenario planning (Baron et al. 2009 ). However, to be able to do so effectively, it is critical that National Parks find ways to minimize institutional barriers to adaptive management (Jantarasami et al. 2010 ) and be willing to incorporate ecological thresholds, such as those outlined for air pollution (Fenn et al. 2011) , when developing scientifically sound approaches to policy and management.
Effective approaches for restoring degraded plant populations in ANP also merit investigation and evaluation (D'Antonio and Meyerson 2002, Palmer et al. 2006) , and candidate approaches need to be implemented and compared. Currently, such efforts are limited to a revegetation program initiated in 1994 , 2002 . Such programs should be incorporated in all affected areas within all units of ANP to restore and monitor areas already impacted by anthropogenic and natural stressors.
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